Decreased aquifer water in the Texas High Plains has increased the risks associated with irrigation, including lower irrigation volume and the need to balance seasonal water demands among crops, requiring management of both irrigation rate and timing. Boll distribution measurements in cotton (Gossypium hirsutum L.) can be used to quantify the effects of irrigation on productivity and were used in a study of irrigation rate × timing from 2011 to 2013 in Halfway, TX. Field experiments quantified cotton boll distribution using three in-season irrigation levels (maximums of 0 , 3.2 , and 6.4 mm d -1 ) during three different irrigation periods determined by accumulated growing degree days (GDD) based on the threshold of 15.6°C: period 1 (P1, <525 GDD), period 2 (P2, 525-750 GDD), and period 3 (P3, >750 GDD). Combinations of these factors resulted in 27 irrigation treatments, applied with a low energy precision application (LEPA) pivot. Heavy irrigation early in the growing season used more water, did not increase boll number, and was often detrimental to yield. Mid-and late-season irrigation improved yield and fiber quality, with P2 irrigation influencing yield in the middle of the plant and P3 irrigation controlling yield at the top of the plant. Moderate irrigation later in the season minimized effects of short-term water deficit observed in other similar studies. These results provide insight into optimizing cotton water use in a region with declining crop water availability, increased pumping restrictions, and a challenging climate.
B
ecause most of the upland cotton (Gossypium hirsutum L.) growing regions in the United States require supplemental irrigation for maximum yields, there is an inherent risk of yield loss due to both temporary and long-term decreases in water availability. This risk is particularly high in semiarid regions of the Cotton Belt, including California, Arizona, and Texas. In the Texas High Plains, the decline of the Ogallala Aquifer has strained irrigation systems that have historically provided irrigation for cotton production (Colaizzi et al., 2009; Torell et al., 1990) . In fact, available water from the Ogallala Aquifer has decreased by more than 50% since the beginning of large-scale irrigation, mostly due to the increase in irrigated crop production on the Texas High Plains (Konikow, 2013; Wyatt, 1985) . This has led to more limited irrigation and a higher risk of temporary irrigation loss or decline during the growing season.
Water-deficit stress is the most common and quantifiable stress in cotton. Depending on the timing and severity, water deficit decreases biomass accumulation and node development, accelerates crop maturity, and changes boll production and distribution in cotton (Ritchie et al., 2009) . Changes in the number of bolls produced, as well as the size of individual bolls produced in response to water stress, is related to an interaction between the specific cultivar and the water-deficit environment in which it is grown (Dumka et al., 2004) . Consequently, quantifying and ascertaining the effects of water insufficiency on boll production and retention can be accomplished by using within-plant boll distribution measurements (Jenkins et al., 1990; Sharma et al., 2015) .
Although research on irrigation rate has been conducted extensively on the High Plains, the effects of timing have been more challenging to measure, and therefore have been studied less (Howell et al., 2004; Jenkins et al., 1990; Simao et al., 2013; Snowden et al., 2014) . Furthermore, studies to date on the physiological effects of irrigation timing generally focus on complete withdrawal of irrigation during a time period. Since water availability for irrigation has continued to decrease throughout the region, the effects of both rate and timing of water application have become increasingly important for production.
Irrigation Timing and Rate Affect Cotton Boll Distribution and Fiber Quality
Cotton fruit are produced over several weeks, so efficiently using a limited amount of irrigation requires a balance of rate and timing. Episodic loss of irrigation water is not always remedied with full irrigation afterward (Snowden et al., 2014) . The indeterminate fruiting pattern of cotton may allow the crop to produce additional fruiting sites on other parts of the plant later in the season to replace bolls that were lost early on in the season due to temporary unfavorable conditions (Bednarz and Nichols, 2005; Pettigrew, 1995) . One traditional strategy to combat yield loss due to mid-season water deficit stress has been to apply irrigation prior to planting or early in the growing season to try to build up water resources in the soil profile to supplement rainfall and irrigation during vital crop growth stages (Mahan et al., 2012) . However, because of cotton's indeterminate growth habit, excessive early season irrigation can cause additional vegetative growth and excessive transpiration demands late in the growing season (Hake and Grimes, 2010) .
Many cotton irrigation studies have recognized the impacts of water deficit on cotton growth, yield, and fiber quality (Dağdelen et al., 2009; DeTar, 2008; Gerik et al., 1996; Howell et al., 2004; Peng et al., 1989; Pettigrew, 2004) , and a considerable amount of research has been conducted on the effects of severe, moderate, and low water stress on cotton boll distribution and mass (Ritchie et al., 2009; Snowden et al., 2013; Yang and Zhou, 2010) , but it is relatively unknown if equal or more efficient boll production results could be achieved with less irrigation applied at precise intervals. Another limitation of existing work is that there is not a defined response to the interaction between various periods of water stress on cotton production.
Knowledge of how these varying levels of water-deficit interact and affect each other and the result on the crops' growth and production will help to increase irrigation efficiency. Reduced levels of irrigation early in the growing season may have fewer adverse effects than during flowering (Snowden et al., 2013) . However, previous work has focused on an all-ornothing approach during periods of water deficit stress. The purpose of this study was to discern and quantify the effects of several irrigation rates and timings on one mid-season cotton cultivar. Specifically, the objectives were to:
1. Examine the relationship between three rates and three periods of irrigation treatments on end-of-season boll distribution; 2. Determine the effects of irrigation rate and timing on cotton fiber quality; and 3. Evaluate the interaction between irrigation timings and the effect they have on each other.
MATeRIALS And MeTHodS
This experiment was conducted at the Texas A&M AgriLife Research Center in Halfway, TX, in 2011 , 2012 . FiberMax 9680B2RF cotton was planted into transitional soil changing from a Pullman clay loam (fine, mixed, thermic Torrertic Paleustolls) to an Olton loam (fine, mixed, thermic Aridic Paleustolls). The annual precipitation average for the location is 44 cm, with an average of 28 cm from May to September. Irrigation treatments were conducted over three defined time periods, based on the accumulation of growing degree days with a baseline of 15.6 °C (GDD 15.6 ) from crop emergence.
The first irrigation period (P1) was focused on plants prior to flowering (<525 GDD), the second (P2) occurred during primary reproductive development or early flowering , and the third (P3) focused on the period of later flowering and fruit maturation (>750 GDD) ( Table 1) . Three irrigation levels were applied during each of three irrigation periods. At each timing, the irrigation treatment levels (ITL) were 0 mm d -1 (low, L), 3.2 mm d -1 (medium, M), and 6.4 mm d -1 (high, H). Actual irrigation levels were comparable to these amounts but were adjusted based on rainfall totals using the method described by Bordovsky and Lyle (1996) . The combination of three irrigation levels at each of three growth periods resulted in 27 individual combinations of irrigation level and timing (Table 2) , which were evaluated in a randomized complete block design with irrigation rate and timing combinations assigned randomly within each block, with three replicates.
The irrigation system for the study was a variable rate center pivot with low energy precise application (LEPA) nozzles (Lyle and Bordovsky, 1981) . Groups of irrigation valves that covered 8-row (1-m wide, planted in a circle) widths were independently controlled using a variable-rate irrigation (VRI) controller (Farmscan 7000, Dothan, AL), with the ability to control irrigation amounts every 16 degrees or more, depending on the desired plot length and span coverage, as described by Bordovsky et al. (2015) . Irrigation was controlled by a GPS receiver (Crescent A100, Calgary, Canada) on the end of the last center pivot span. Standard weather parameters from the Texas High Plains Evapotranspiration Network (Porter et al., 2005) , local rainfall measurements, irrigation quantities from previous irrigations, and a locally derived crop coefficient were used to estimate daily profile water content for each treatment. To prevent surface runoff, irrigation depths were limited to 13 mm maximum, resulting in irrigation intervals of 2 to 4 d.
data Collection
Prior to harvest, 1-m samples were mapped from each plot. Mapping consisted of counting bolls by main-stem node number and sympodial position on all plants within the sample, as well as counting the number of plants within the sample. In addition, bolls produced on vegetative branches were counted for yield estimation but were not included in the boll distribution analysis. Sampling locations were chosen with the following constraints: at least 10 plants m -2 were present, the plants selected were of the same height as surrounding plants within the treatment, and the plants selected were not near any plot borders or other plant gaps that would influence boll distribution.
Statistical Analysis
The study design was a randomized complete block with a nested-factorial treatment arrangement having three replicates. This approach was used since the ITL, L, M, or H would have different effects during P2 or P3 depending on the ITL in P1. For example, the effect of having ITL = 3.2 mm d -1 (M) during P2 would affect cotton production differently when preceded by no irrigation during P1 (ITL = L) compared with being preceded by high irrigation during P1 (ITL = H). Thus, for analysis, P2 capacities were nested in P1, and P3 capacities were nested in P1 and P2. Statistical analysis was conducted using SAS software version 9.4 (SAS Institute, Cary, NC). The interactions of year 89  152  89  330  76  133  95  304  76  134  110  320  MHH  89  152  155  396  76  133  159  368  76  134  161  371  HLL  165  0  0  165  114  0  0  114  152  0  0  152  HLM  165  0  86  251  114  0  95  209  152  0  110  262  HLH  165  0  157  322  114  0  171  285  152  0  195  347  HML  165  76  0  241  114  67  0  181  152  67  0  219  HMM  165  76  86  327  114  67  95  276  152  67  127  346  HMH  165  76  157  398  114  67  171  352  152  67  169  389  HHL  165  140  0  305  114  122  0  236  152  101  0  253  HHM  165  140  89  394  114  122  95  331  152  101  110  363  HHH  165  140  141  446  114  122  133  369  152  101  135  388 and ITL were significant for yield, boll accumulation by node, and cotton fiber quality parameters. Therefore, effects on cotton yield, boll distribution, and fiber quality were analyzed by year using a generalized linear mixed analysis of variance (ANOVA) procedure at a significance level of p < 0.05. Least-squares means of main, P1, and nested effects, P2 and P3, were separated using Fisher's protected LSD at a significance level of 0.05. Multiple regression analysis consisted of stepwise regression, modeling boll mass, or boll number as a function of P1, P2, and P3 irrigation rates. A P value of 0.05 was used as a determinant for inclusion into the stepwise model.
ReSULTS And dISCUSSIon environment
The 2011-2013 growing seasons provided three distinct growing environments for this study (Table 1 ). The accumulated growing degree days in 2013 were 95% of those in 2012 and 81% of those in 2011. The 2011 season was historically hot, dry, and windy throughout the season, with no in-season periods of substantial rainfall (>30 mm). In 2012, after a rainy period leading into P1, the weather was again hot and dry, and no substantial rainfall was received until late in the season. The 2013 growing season was very hot and dry until the end of P1; near the end of P1, heavy rainfall occurred, after which the weather was more typical of historical averages of rainfall and temperatures in western Texas, with rainfall totals exceeding 25 mm for each period except for P2, during which there was no rainfall. During the period of irrigation treatments, rainfall accumulations were 23 mm in 2011, 40 mm in 2012, and 193 mm in 2013.
Boll distribution
Figure 1 shows the effects of irrigation level and timing on boll distribution in mature cotton. In general, low irrigation during P1 resulted in lower boll production below node eight on the plants, a factor that was compensated for through additional boll production higher on the plants in response to irrigation later in the season. This pattern of increased boll production at the top of the plant was not accompanied by increased vegetative growth; the plants remained shorter than treatments irrigated during P1 (data not shown). In 2013, substantial rainfall occurred near the end of P1 (152 mm; Table 1 ), decreasing the differences in boll production at both the lower and upper fruiting sites of the plants among the early irrigation treatments. For treatments that had low irrigation prior to first square (<525 GDD), compensation in bolls produced occurred with increased irrigation during early flowering and fruit maturation, with the effect being most obvious with high irrigation late in the growing season. Compensation in boll production at the top of the plant was also evident from the middle irrigation (P2) to the last irrigation (P3) and was more apparent in 2013 when plants were already reasonably healthy.
Many of the biggest differences in boll distribution were a result of irrigation levels in the middle of the growing season. Low irrigation during the middle of the season (P2-flowering) had the greatest effect on boll distribution, often causing a substantial reduction in the number of bolls produced or retained on upper sympodial nodes. Even if medium to high rates of irrigation were applied after the mid-season deficit irrigation, there was not a significant amount of compensatory boll production, unless a substantial amount of water remained in the soil profile throughout the season, as in 2013.
As shown in Table 3 , early season irrigation did not substantially increase or decrease boll production in cases where the crop was irrigated at a high or medium rate during the middle of the season, regardless of late season irrigation rate. However, when irrigation in the middle of the season was low, irrigation early in the season increased boll production at the top of the plant in 2013. In 2013, there was no rainfall during the middle irrigation treatment, but the 152 mm of rainfall during the early period was apparently enough to increase boll production and retention at the top of the plant, even during the drying cycle in the soil during the middle of the irrigation cycle.
Mid-season irrigation had substantial significant effects on boll distribution in the middle of the plant during all years, regardless of early or late-season irrigation rates (Table 4) . In all cases, the relationship between mid-season irrigation rate and boll retention by node was positive. Late-season irrigation generally increased boll production at the middle and top of the plant, although the effects were year-specific and dependent on the 
early and middle period irrigation rates (Table 5 ). The most consistent effects were observed when the middle irrigation was at a medium or high rate, suggesting that the damage caused by water deficit during the flowering period is not immediately recoverable in dry environments where plants are limited by season length. The effect of high irrigation rate was also time-dependent. High irrigation at the early in mid timings did not necessarily equate to more bolls higher on the plant. Adequate irrigation levels must be maintained throughout the growing season in order for bolls to be continually produced toward the top of the plant. Therefore, heavy watering at the beginning of the season may not increase yields, especially if water supplies become restricted and yields are reduced due to exhausted resources resulting in forced determinate fruiting habits of the cotton plant.
As expected, high irrigation (H) throughout the season generally produced the most bolls throughout the plants. However, it was noted that early season stress could be compensated as long as adequate water (M) was provided during the middle of the season, resulting in a boll distribution that was comparable to high irrigation rates throughout the season. This was evidenced in 2011 where treatments LHH and MHH resulted in higher boll retention toward the top of the plant compared with treatment HHH, as seen in Fig. 2 . In this case, the high irrigation during P1 may not have provided the cotton crop with a stimulus for increased root growth and vascular development resulting in physiological stress later in the season under high temperatures.
Irrigation rate during P1, P2, and P3 had differing effects on two components of crop yield: boll size (g boll -1 ) and boll density (bolls m -2 ), as measured by stepwise regression (Fig. 3) . For both boll size and boll density, larger coefficients of slope between irrigation rate at a given period and boll size or density represent a greater impact of that irrigation period. Irrigation rate during P1 had no significant effect on boll mass, as shown in Fig. 3a , whereas P3 had greater effects on boll mass in all 3 yr than P2 irrigation rate, as determined by the order of addition to the model and the relative slopes shown in Fig. 3a . The P2 irrigation rate was found to have the greatest effect on boll number, followed by P3 irrigation rate (Fig. 3b) . The P1 irrigation rate also impacted boll density, but the effects were substantially less than those for P2 and P3.
Interactions
Because the results of each ITL in each period were highly dependent on the interrelation it had with treatment levels in preceding or subsequent irrigation periods, many interactions were observed. Throughout the 3 yr of the study, different interactions were observed for upper nodes (12-15). In 2011, low irrigation during P1 positively impacted boll retention at the top of the plant when combined with M and H ITL later on in the season. In 2012, the increased boll retention at the top of the plant with low irrigation early in the season was not seen. It is possible that this occurred because there may have been a slight disadvantage due to high rates of precipitation followed by a low ITL in P1. In general, these results were consistent with traditional maturing characteristics, principally, that as irrigation rate increases boll production up the plant also surges. More consistent rainfall events in 2013 made it harder to discern effects of the 0 mm d -1 ITL during P1 on upper boll retention. 
Interactions were also apparent in the middle to lower part of the plant, especially in 2011 and 2012. Nodes 7 through 11 were heavily affected by P2 ITL, depending on the ITL preceding them. In 2012, a low ITL (0 mm d -1 ) in the first irrigation period would cause decreased boll retention in the middle of the plant if it was succeeded by middle or high ITL during P2. However, if a low ITL was administered in P1, it resulted in a boll retention advantage when followed by a low ITL in P2.
Fiber Quality
As shown in Table 6 , P1 ITL had no significant effect on micronaire, length, strength, or uniformity in all years, except for uniformity in 2013. Table 7 shows that there was a significant difference in many of the fiber parameters when different ITLs were administered in P2. For micronaire in all years, high levels of irrigation in P2 resulted in the lowest micronaire values, whereas the low ITL resulted in the highest micronaire values. Length, strength, and uniformity also followed a trend for P2 irrigation. Interestingly, the only significant differences between high and medium levels of irrigation in P2 occurred in length for 2013. There were no significant differences between the high and medium ITL with regard to length, strength, or uniformity in other years. However, when going from medium ITL to low ITL there was a significant difference in length, strength, and uniformity in all years and all three of those fiber quality parameters, except for length and strength in 2013. There was most likely less variability in length and strength between ITL in 2013 because of timely rains and more consistent precipitation patterns.
Fiber quality was also affected based on the irrigation levels applied in P3. Table 8 shows that there was no significant difference for micronaire between high and medium ITL during P3. There was a significant difference for micronaire between medium and low ITL in 2011 and 2012, but not in 2013. Pointedly, for micronaire in P3, an inverse to the results from P2 was seen; high levels of irrigation in P3 resulted in higher micronaire values, whereas the low ITL resulted in lower micronaire values. Once again, length, strength, and uniformity behaved similar due to irrigation in P3. High irrigation during P3 resulted in significantly longer, stronger, and more uniform cotton fibers, whereas a low ITL resulted in poorer length, strength, and uniformity in all years.
Because P1 ITL had only one instance of significant effect on the four fiber properties discussed, and because both P2 and P3 had many instances of significant effect, the interaction of P2 and P3 ITL on fiber quality were investigated. Micronaire values were highest when the ITL in P2 was low, followed by a high or medium ITL in P3. Conversely, the lowest micronaire values were apparent when there were high or med levels of irrigation in P2, followed by low ITL in P3. These findings indicate the complexity of the interaction between micronaire, irrigation, and environment; there are several studies in which micronaire decreased in response to additional irrigation at the end of the season (Heitholt, 1997; Heitholt and Schmidt, 1994; Pettigrew, 1995) . However, because micronaire is related to both fiber development and the maturation process, any factor that inhibits development and maturation, whether additional water or water deficit, can result in changes in fiber thickness and maturity.
Length and strength values exhibited more expected results when looking at the effects of interactions between P2 and P3 ITL. Medium and high irrigation levels during P2 and P3 resulted in high length and strength as seen in Tables 7 and  8 . In all years, if the ITL remained constant in P2 but was decreased in P3, reductions in both length and strength were seen. In years of prolonged drought (2011 and 2012), having a low ITL during P2 decreased that crop's ability to produce long and strong fibers, even if high or medium amounts of irrigation were applied in P3. However, in 2013, the crop was able to recover from a low ITL during P2 to produce cotton with high length and strength values. For example, the LH irrigation treatment for P2 and P3 was not significantly different than the HH treatment in 2013 for either strength or length.
Uniformity results were similar to the length and strength results when looking at P2 and P3 ITL (Tables 7 and 8 ). Once again, HH and MH for periods 2 and 3 resulted in the highest uniformity. It appears uniformity was more dependent on the total amount of water received in both periods as any treatment with a low irrigation level in either period was significantly different, except for the LH treatment in 2013. Similarly, to length and strength, uniformity in 2013 was able to recover to a degree from a low ITL in P2. The fiber quality effects observed in this study can be explained largely by the effects of irrigation period on boll number and boll density (Fig. 3) . The P3 deficit treatments resulted in smaller, underdeveloped bolls with poor fiber quality, whereas the P2 deficit treatments resulted primarily in fewer bolls, but also poorer fiber quality at the lowest irrigation rates.
The effects of various moisture deficits on boll distribution and fiber quality have been investigated by previous studies (Bauer et al., 2009; Pettigrew, 2004; Ritchie et al., 2009 ); however, this study expands on existing knowledge by assessing how different timings and rates of irrigation impact each other, as well as the boll distribution and fiber quality. Mainly, depending on the environment, boll distribution and fiber quality are heavily dependent on the amount of water received in all phases of growth. Irrigation during one portion of the season affects the results of irrigation during a subsequent period.
ConCLUSIonS
Irrigation deficit during the middle irrigation period (P2) had the most detrimental effects in terms of both boll distribution and yield. There was a significant decrease in upper plant boll production when low irrigation treatments were administered during the middle irrigation period; LLH, MLH, and HLH all had poor plant boll retention compared with LMH, MMH, and HMH. Conversely, when low ITL were administered during P1 there was a minimal decrease in upper plant boll production. This supports the concept that lack of early season irrigation can largely be compensated for later in the season, allowing high boll retention throughout the plant, despite the decreased stature of the crop.
Fiber quality is largely independent of the amount of water taken up by the plant before 525 accumulated growing degree days. If there is a substantial amount of irrigation applied during early flowering, it is important to keep irrigation levels up through peak flowering and the early boll filling period so that fibers can fully mature with ample resources. Stressing the plant late in the reproductive stages of growth after it has had sufficient amounts of water up until that point can result in significant fiber quality reductions.
Acceptable yields may be obtained with limited irrigation before flowering because the crop is conditioned to lower amounts of water prior to the developmental stages that are most water-sensitive. Crops that receive higher rates of irrigation early on in the season (such as HHH in this study) may be at a disadvantage because the crop becomes acclimated to the steady supply of water, and as water requirements increase during flowering and fruit maturation it is hard for the structure of the plant to keep up. Plants that have been subjected to deficit irrigation before 525 growing degree days may develop more extensive root systems and have an advantageous root/shoot ratio later in the season when water is paramount for boll retention and fiber quality. 
